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Crossdocking has recently proposed as a distribution strategy in a supply 
chain. This strategy eliminates the need for keeping inventory in the distribution 
channel. Ideally in a crossdock, products are sent directly from inbound to outbound 
without touching the floor. However, in practice, staging is needed to allow 
additional value-added services, such as labeling and sorting. In this work, we 
examine the impact of staging in crossdocking operations. 
Previous simulation studies in crossdock requires staging or no staging, very 
few examine the interactions of staging to the performance of a crossdock. Our 
research provides a detailed analysis of the factors affecting the performance of the 
crossdock. The factors examined include direct versus indirect handling of pallets, 
number of open receiving doors, door layout, number of forklifts, size of cross dock 
and freight mix. To examine these factors, we develop a simulation model based on 
the simulation model by Yang et al. (2009). However, the original simulation model 
assumes that a seperate material handling team, which is external to the simulation 
model, operates the staging of the pallets. 
Our model considers the operations of the material handling team explicitly. 
The examination of the material handling team in the simulation produces more 
accurate results. Two components of processing time for the pallets can be 
calculated: ( 1) the waiting time of the pallets at the staging area (2) the processing 
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time of the pallets by the material handling team's forklifts. We believe that our 
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CHAPTER 1. INTRODUCTION 
Product distribution is an important function in a supply chain. There are 
roughly three types of distribution strategies: warehousing, direct to stories, and 
crossdocking (shown in Figure 1-1 ). In this thesis, we examine the operation of 
crossdocking using simulation. 
Warehousing 
\\: _. Stores 
Vendor - TL ....... Warehouse C.,.~Stores 
Crossdocking 
\\..-+Stores 






LTL ~ Stores 
TL=Full Trunkload 
L TL= Less than Truckload 
Figure 1-1 Distribution Strateigies for retail distribution (Adapted from Gue (2007)) 
1.1 Distribution Strategies 
1.1.1 Warehousing 
Warehousing is the default strategy for a distribution system (Gue 2007). In a 
traditional sense, a warehouse keeps the inventories of the goods for vendors. Retail 
stores send their orders to the warehouse when their stocks run low, and then the 
warehouse orders from the vendors. The stores always have a steady supply of the 
stocks as long as the warehouse keeps the safety stocks. 
The most important advantage for this strategy is that the inventories of the 
stocks is in control and is always available to replenish the stores. As the warehouse 
is usually geographically close to the stores, the lead time is short. However, the 
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inventory cost and material handling cost for warehousing are high comparing to 
crossdocking and direct-to-store. The inventory cost is high because the safety stock 
is kept at three places in the supply chain network: the vendor, the warehouse, and 
the stores. The material handling cost is high because workers are required to process 
orders, such as picking, assembling and packing. 
1.1.2 Direct-To-Stores 
The direct-to-stores strategy is also known as distribution center bypass or 
direct distribution. When a consolidated freight arrives at its destination port or 
gateway, it is broken into individual shipments and is delivered to stores directly. 
This approach keeps the inventories moving from manufacturers to customers by 
eliminating stops at warehouses along the way. Direct-to-store can offer a good 
balance between shrinking the fulfillment cycle and eliminating inventory costs. 
The main advantage for direct-to-stores is the elimination of the entire 
inventories of the stocks leading to lower inventory costs. On the other hand, the 
cost of receiving at each store is high. It is because each store needs to order from 
every vendor with frequent shipments. The transportation cost is also higher because 
a retail store rarely requires a full truckload of gqods from a single vendor. In fact it 
handles most of shipments using less-than-truck load or package carriers. 
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1.1.3 Crossdocking 
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Figure 1-2 Typical functions and flows of warehouse (Adapted from Tompkins et al. 
(1996)) 
Figure 1-2 shows the functions and flows in a typical warehouse. Receiving is 
the receipt of the ordered goods. The received goods are disbursed to direct putaway 
or crossdocking. Putaway is to place merchandise in storage which requires material 
handling and placement. Goods for putaway are sent to storage and for the order 
picking. Order picking is the process of removing items from storage to meet a 
specific demand. After the packing, the goods are sent for accumulation sortation and 
shipping. 
Crossdocking is to send inbound receipts form the receiving dock directly to 
the shipping dock. There are many different defmitions for crossdocking. N apo litano 
(2000) refers crossdocking as "a process where a product is received in a facility, 
occasionally married with other products going to the same destination, then shipped 
at the earliest opportunity, without going into long-term storage". 
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Batholdi et al. (200 1) defme it as "a logistics technique that effectively eliminates the 
inventory-holding function of a warehouse while still allowing it to serve its 
consolidation and shipping functions". Gue (2007) describes crossdocking as "a way 
to effect the consolidation function of a warehouse without having to hold the 
inventory". 
The most important advantage of crossdocking is its capability to reduce the 
inventory carrying cost and handling cost. As the storage is significantly or even 
completely eliminated, the inventory turns increase and the flows of products to 
consumers speed up. The shipments from vendors to retailers are consolidated to 
truckload quantities. Thus the transportation cost is reduced as full truckload used 
instead of less-than-truckload is used. The requirement of space is also reduced as 
the storage in the warehouse is eliminated. Further, the paperwork associated with 
inventory processing also decreases. 
Crossdocking can foster a better supplier and retailer partnership. It provides 
efficient consolidation and other value-added activities. As the product flows speed 
up, crossdocking can satisfy the need of retailers' just-in-time strategy. The minimal 
handling of the products at the facility reduces the chance of product damage. The 
fast inventory turns reduce product pilferage and_ obsolescence. More importantly, 
the revenue of the company can be affected by crossdocking. The reduction of 
inventory holding and handling cost can reduce the expense of the company. This 
promotes a better asset utilization as the expense along the supply chain, such as the 
value-added services, can be centralized inside the crossdock. These value-added 
services may include re-packing, shrinking wrapping, labeling or even final 
assembling. 
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Crossdocking can be categorized according to where in the supply chain it is 
applied (Napolitano 2000): 
• Manufacturing crossdocking: Only the required quantities of the parts for the 
production are shipped to the assembly line several hours before manufacturing 
takes place. The finished goods are sent directly to the outbound trunks instead 
of the warehouse. 
• Distributor crossdocking: The products are assembled from a variety of 
merchandise on a multi-SKU (Stock-Keeping Unit) pallet, and then delivered 
to the next level of the supply chain. 
• Transportation crossdocking: Many express delivery companies such as 
Federal Express and UPS, adopt this approach. They sort and consolidate based 
on geographic destinations of the products to avoid less-than-truckload (LTL) 
delivery. 
• Retail crossdocking: In retailer distribution centres, the incoming products 
from various suppliers are sorted and consolidated for different retailer stores. 
• Opportunistic crossdocking: Manufacturers and distributors use opportunistic 
crossdocking to fill back orders when the product is received. There is no pre-
selected group of products for a specific period of time that will be 
crossdocked. The manufacturers follow customer's orders placed 24 to 48 
hours. Ship-to date merchandise is checked against the scheduled receipts from 
production plants. Specific pallet quantities are identified to fill orders within 
48 hours-period. These pallets are crossdocked after receipt through the 
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Figure 1-3 Differences between pre-distribution and post-distribution 





(Bartholdi et al. 2001). In pre-distribution (shown in Figure 1-3), the vendor prepares 
the products for direct transfer in the distributor's crossdock. The vendor typically 
fixes store labels and even price tags to the products. Shipments arrive at the 
crossdock with their destinations already determined and labeled. Workers simply 
move the shipments directly to outbound trailers. Pre-distribution is good for the 
distributor as the operating cost is lower due to the reduction of storage area. 
However, pre-distribution is difficult to operate because it requires sharing of 
shipping information between distributors and vendors. In post-distribution, the 
items are labeled in the crossdock after receipt. Workers at the crossdock assign the 















the distributor and requires more floor space in the dock for double handling 
operations. 
Moreover, crossdocking can be classified according to different types of 
staging. There are three types of staging: single-stage, two-stage and free stage 
(Bartholdi et al. 2001). In a single-stage crossdock as shown in Figure 1-4, workers 
unload pallets and place them in queues corresponding to shipping doors. Pre-
distribution crossdocking or post-distribution occurs in the single-stage crossdocks. 
A two-stage crossdocks, as shown in Figure 1-4, allows workers to pick from pallets 
in the shipping queue which results in more tightly packed loads. At the same time, 
value-added processing is performed by worker by the receiving door. More 
processing time is required in a two-stage case. Free staging is usually used by less-
than-truckload (LTL) trucking industry. In LTL terminals, the receiving and 
shipping doors are on both sides of the docks and the docks are typically very 
narrow. This allows access to the staging area from only one side. The pallets are 
placed outside both the receiving doors and shipping doors. 
1.2 Motivation 
Y ang et al. (2009) examine the impact of different decisions on the operations 
of a cross dock. For example, the incoming shipments are either sent directly or 
indirectly between the trailers in the crossdock. The crossdock can use different door 
layouts and different number of opened receiving doors for unloading the pallets 
from the trailers. Different number of material handling facilities , such as forklifts , 
can also affect the performance of the crossdock. They report that the past studies 
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Figure 1-4 (a) Single-stage crossdock (b) Two-stage crossdock (c) Free-stage crossdock 
(Adapted from Bartholdi et al. (2001) and Wang & Regan (2008)) 
examine factors affecting the crossdocks separately, such as the impact of staging 
strategies, assignment of the receiving/shipping doors and different door layouts. 
However, these factors should have interaction with each other and thus a systematic 
computer simulation can be done to analyze the effects of these decisions. The 
simulation results show that the incoming pallets should be unloaded and loaded 
indirectly. This means that staging on both receiving and shipping doors generally 







This result contradicts to the belief of many experts that the indirect handling 
is a waste of time and resource. Although Yang et al.(2009) provides interesting 
results, some improvements can be still made to enhance the accuracy and validity of 
the results and provide more insights. This simulation model assumes that the 
moving of the pallets from the trailers to the staging area (or vice versa) is done by 
the material handling team. The material handling team is assumed to function 
perfectly and is not modeled in the simulation model. In a typical crossdock 
operation, each forklift of the material handling team should vary in the handling 
time. This may have great impact to the crossdocking system. Besides, the material 
handling team also occupies some material handling resource in the crossdock. These 
occupied forklifts affect the total number of forklift and thus the resource required by 
the crossdock. 
Furthermore, as the operation of the material handling forklift is omitted in 
this simulation, the waiting time of the staged pallets is not included in the 
calculation of handling time of the pallet. The waiting time of the pallets in the 
staging area has a great impact to the total handling time of the pallets and affects the 
decision of the crossdock manager in choosing staging as the pallet handling option. 
Therefore, the material handling team should be modeled in the simulation. This can 
provide the results for the effects of assigning different number of material handling 
forklifts in the crossdock and the waiting time for the staged pallets in the crossdock. 
1.3 Problem Description 
Figure 1-5 shows the simplest crossdock which consists of receiving/shipping 
doors along the perimeter of a long and narrow warehouse building. The shipments 
are unloaded from the incoming trunks at the receiving doors by the forklifts and sent 
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directly to the corresponding shipping doors. The pallets then loaded onto the 
outbound trailers at the shipping doors. The manual approach to handle the pallets 
can be substituted by the use of machines, such as conveyors, automatic sortation 








Figure 1-5 Simple Crossdocking System 
The objective of this research is to look at various factors affecting the 
performance of the crossdock. Our simulation considers: 
• Pallet handling 
• Freight mix 
• Door layout 
• Total number of forklifts 
• Size of the crossdock 
• Total number of open receiving doors 
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1.4 Contributions 
Previous studies of crossdocks generally examine the crossdock for only one 
or two of the factors affecting the performance of the crossdocks. Yang et al. (2009) 
provide a detail analysis of the factors affecting the crossdock and examine the 
interactions between each factor. Our research further develops the crossdocking 
simulation model by Yang et al. to imitate the internal operations of the crossdock 
with the staging options. The internal operation and handling options of a crossdock 
facility are simulated. 
We further evaluate and modify the existing crossdocking model in the 
forklifts arrangements and staging options of the pallets. The original simulation 
model by Y ang et al. assumes that the staging pallets are handled by a separate 
material handling team external to their simulation. Thus the waiting time of the 
pallets at the staging area at both receiving and shipping doors are not included in the 
handling time of the pallets. Furthermore, the material handling team uses forklifts as 
well and this increases the resource requirement of the crossdock. In our simulation 
model, the material handling team is implemented in the crossdocking system and 
handling the staging pallets at the staging area. This can provide a more realistic 
result from the simulation model and comprehensive view of the operation inside the 
crossdock. 
Due to the modification to the existing model by Y ang et al., our experiment 
results shows a great deviation from the original result. There are noticeable 
differences between the original results with our results in the Mean Hourly 
Throughput per Forklift (MTF) and Mean Handling time per Pallet (MHP). The 
difference is mainly due to the different arrangement of the guided network path and 
the addition of material handling team in our simulation model. Moreover, it is also 
11 
due to the increase in the number of forklifts. The number of forklifts in the 
crossdock increases due to the presence of material handling team to handle the 
staging pallets. The original results by Y ang et al. show that staging in the crossdock 
helps to improve the performance. In our result, with the presence of material 
handling team, unloading and loading directly at the receiving and shipping door has 
the best performance. 
1.5 Conclusion 
In this chapter, the distribution strategies for the supply chain are introduced. 
Crossdocking eliminates the inventory holding but still allows the consolidation 
function as in warehousing. It can provides a balance between the direct-to-store and 
traditional warehouse system. 
We analyze the factors affect the performance of the crossdock and develop a 
simulation model to examine the interactions of these factors. We attempt to improve 
the simulation byYang et al. (2009) in this work. 
12 
CHAPTER 2. LITERATURE REVIEW 
In this chapter, we briefly review the literature on crossdocking. Our review 
mainly examines the use of simulation and mathematical programming. 
2.1 Crossdocking in the supply chain 
Many companies show improvement after adopting crossdocking in their 
distribution strategies. Stalk et al. (1992) report the transformation ofWal-Mart to 
become the largest and highest profit retailer in the world. This success in operation 
is made possible through its goal to provide quality goods to the customers at the 
right time and at the right place. At the same time, the company develops a cost 
structure that enables competitive pricing. As a result, the company builds and 
maintains a reputation for absolute trustworthiness. 
Through crossdocking, goods are continuously delivered to Wal-Mart's 
warehouses. In the warehouse, the goods are selected, repacked, and then dispatched 
to stores. The goods come across in the warehouse in 48 hours or less. This enables 
Wal-Mart to purchase full truck loads of goods while avoiding the usual inventory 
and handling costs. The cost difference makes possible the everyday low prices 
which can attract the customers and eliminate the cost for promotion. The stable 
price leads to predictable sales, and thus reduces stock outs and excess inventory. 
Gue (2007) illustrates that there are three major distribution strategies : 
warehousing, crossdocking and direct-to-stores. Warehousing is the traditional 
strategy which control for the inventory management. In contrary, direct-to-stores 
eliminates the inventory by getting products from vendors to stores directly. 
However, this may lead to loss of control in stock management. Crossdocking lies 
between these two strategies and has outstanding performance in stores with "push" 
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products policies. Push distribution is a popular business model, where the products 
are bought at a discount and then pushed directly to stores according to estimated 
demand. 
Gue (200 1 and 2007) reports several cases of adopting crossdocking as 
company logistics strategies. Ross Dress for Less is a retailer specializing in "off-
price" merchandise name-brand items in U.S. The majority of its merchandise is 
bought at a significant discount and distributed through a network of 24 crossdocks. 
While the goods are received, tagged and sorted in the distribution centres, cartons 
are sent to the crossdocks. At the crossdocks, the store-ready cartons join 
merchandise arriving from other distribution centres, and all are sorted onto 
outbound trailers. 
Another company using crossdocking is Costco. This is the largest 
membership warehouse club chain in the world based on sales volume. The 
customers do shopping in the company's warehouse-like stores which displays 
products in pallet quantities. Thus crossdocks in the Costco system receives and 
ships products in pallet quantities. In one of the distribution center in California, 85% 
of all pallets move across the dock intact. This saves labour costs while other 
retailers have to pay for order picking, packing ap.d shipping. 
The last example is Home Depot, which is a U.S. retailer for home 
improvement and construction product. Each Home Depot retail store is assigned a 
crossdock, and store orders are consolidated and sent as a single, weekly order. 
Vendors send primarily truckloads to the crossdock, which consolidates shipments 
and delivers them, again in trunkload (TL) quantities, to the stores. This can reduce 
the shipping cost for the vendors and the handling cost for Home Depot. 
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Kinnear ( 1997) reports the transformation of traditional stockholding supply 
chain operation to crossdocking system in Goodyear Great Britain Limited. 
Goodyear GB adopts crossdock model at one of its central warehouse facilities. Each 
day the central warehouse consolidates a day's orders in product categories from all 
outlets within a distribution region, and dispatches bulk product loads to outlets in 
other regions. The receiving crossdock centre would then break down and sort each 
bulk consignment across all relevant final delivery location within that distribution 
region for next day delivery. The company improves the lead time from manufacture 
to point of sale, at significantly reduced unit cost by over 12% and reduced pipeline 
inventory costs. The service level is improved from 87% to 96%. 
As part of supply chain facilities, crossdocking delivers significant cost 
saving performance. The effect of using crossdocks in the supply chain is discussed 
in many aspects. Gi.imi.is (2004) examines the implications of a crossdock in a 
distribution logistics network. The interference between manufacturers, customers 
and products are investigated. As the handling and carrying costs vary from products 
to products, some products are suitable for direct shipment from manufacturers to 
customers. Others are best handled by indirect shipment with consolidation in 
crossdocks. A systematic tool is developed to classify these products. 
Crossdocking or not is not a single decision. In practice, managers must 
evaluate its value in their situations. In other words, they have to know under what 
operating environment crossdocking delivers performance. Galbreth et al. (2008) 
analyze the value of crossdocking in supply chain practice by varying the operating 
conditions, such as holding cost and mean demand. The experimental results show 
that a solution with crossdocking has a 2.29o/o less in total cost than that without 
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crossdocking. When the demands are relatively low and stable and the holding cost 
at the customer locations is high, the crossdocking is most valuable. 
Information is also another important factor affecting the performance of 
crossdocking. Waller (2006) develops a model for a company to estimate the benefit 
of using crossdock when there is lack of information. He provides the method to 
approximate the lower bound of the relative benefit of crossdocking. The case of 
decentralized retail crossdocking, the retailers are advised to calculate the additional 
inventory for safety stock due to much longer lead time in a crossdocking 
environment. As inventory is not allowed in the distribution center when 
crossdocking is implemented, the bullwhip effects are more significant. 
To archive significant improvements in the performance of the crossdock, 
several techniques and practices should be considered (Apte & Viswanathan 2000). 
The product type transported in the warehouse, the physical design and information 
flows inside the crossdocks and the use of computer for analyzing and managing 
crossdocking systems can ameliorate the overall cost saving performance of the 
operation of the crossdocks. 
2.2 Simulation of crossdocking 
Table 2-1 shows the research studying performance of crossdocking using 
simulation. These studies examine different factors affecting the overall performance 
of a crossdock. 
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Door Layout 
The purpose of minimizing the labour cost measured in time can be achieved by 
constructing the layouts of the receiving and shipping doors that can balancing the 
travel distance and congestion in a crossdocking facility. Bartholdi and Gue (2000) 
describe models to estimate travel cost which includes worker travel time and worker 
waiting time caused by congestion. They examine various factors that may affect the 
performance of the crossdocks: 
• Layout. This refers to the configuration of the doors used as either receiving 
door or shipping doors and the assignment of destinations to the shipping 
doors. 
• Geometry. The shape of the terminal determines the layout of the doors, and 
thus the travel distance of the forklifts. This also affects the congestion level, 
such as narrow docks provide less area for forklifts to move around. 
• Material handling systems. Pallet jacks, forklifts or conveyors can be used to 
handle the pallets in the crossdock. 
• Freight mix. This refers to the number of different destinations in an 
incoming pallet. A crossdock with higher mix of different pallet freights 
requires more forklift travel than that with mainly of regular carton freight. 
• Scheduling. The supervisor or manager of the crossdock assigns the incoming 
trailers according to different strategies of freight flow patterns of the dock. 
An effective layout is constructed by a simulated annealing procedure which 
interchanges trailer pairs. Their approach is implemented in Viking terminal in 
Stockton, California and achieves an 11. 7o/o increase in the labour productivity. 
Besides cost saving, the new layout also leads to better service to other terminals . As 
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the activities inside a crossdock are more concentrated than before, the manager can 
be more effective in supervising operations. This results in the improvement in safety 
and fewer damage claims. 
Due to the growing importance of express logistics for the high-value and 
perishable items in the supply chain service, the minimization of transferring time 
become one of most critical issues in a crossdock. The assignment of the receiving 
doors and shipping doors in a less-than-truckload (LTL) terminal affects material 
flows inside the terminal. Different assignments of incoming trailers to the receiving 
doors determine the travel distance of the transporters and thus the processing time of 
the pallets inside the dock. Gue ( 1999) and Wang (2008) examine the impact of door 
layouts to the crossdocks. Gue ( 1999) develops a parametric model to examine one 
of the common scheduling policies. This policy regards looking ahead the content of 
the incoming trailers in the queue by the supervisor of the freight terminal and 
assigning them to receiving doors to minimize worker travel distance. The 
assignment depends on the freight mix and the queue length of the incoming trailers. 
The results suggest that using look -ahead scheduling, this policy reduces labour cost 
measured in terms of travel distance or time by about 15% compared to the ftrst-
come-frrst-served (FCFS) strategy. Layouts cons_tructed with the material flow model 
provide further savings of 3-30% in labour cost due to time or distance travel, 
depending on the mix of freight , incoming trailers, and the length of the queue of 
trailers. Wang (2008) is concerned with the impact of a new incoming trailer on the 
total processing time and the transfer time needed for the pallets. The dynamic 
information must be considered in the scheduling algorithms. Two time-based 
algorithms consider the processing time and the total transfer time of a waiting trailer 
are developed. These two scheduling algorithms are compared under look -abead and 
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FCFS policies with different trailer arrival headways, crossdock layouts, and 
destination distributions. The results show that the time-saving effect by the time-
based algorithms varies with the number of doors and different trailer arrival 
headways. 
Hauser (2002) evaluate the existing and proposed crossdock production lane 
layout of a Toyata Motor Manufacturing plant by simulation. The parameters are 
compared for different layouts and lane arrangement for each layout type is 
optimized. Each layout shows their best performance in different performance 
measure. The results also vary when realistic transporter speed is used in the 
simulation. Hauser & Chung (2002) further evaluate the simulation results and 
compare two layouts of the manufacturing dock. The layout proposed divides the 
processing line into three sections: unloading area, crossdocking area and line 
delivery area. The result shows that the proposed layout may have adverse effect on 
the workload of the members in the crossdock area. As the volume of each 
crossdocked part is reduced, the percentage of pallets in the crossdocking area is 
higher. At the same time, the workload of the assembly line is reduced, and this can 
reduce the processing time of the parts. This shows that the whole system should be 
considered when making the decision about the proposed changes in the layout. The 
shorter lead time due to the reduced walking times by the team members at the 
assembly line outweighs the unbalance increased workload of the team members at 
the logistic area. 
Deshpande et aL (2007) suggest that simulation approach can be treated as a 
benchmarking and operations planning tool. They find that minimizing average 
travel distance by assigning high volume doors together may actually increase 
congestion. In addition to optimize labour cost, the operational performance 
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measures such as utilization of resources within the terminal and parameters related 
to pallet queues at striping and loading doors should also be considered to maintain 
the desired service levels. Through the dock assignment algorithm based on the flow 
of shipments, the service level is significantly improved and the material handling 
resource required to maintain the desired service level is reduced. 
Pallet Staging 
In pure crossdocking operations, the pallets are sent directly from an 
incoming trailer to an outbound trailer without any staging in the warehouse. 
However, staging is sometimes useful as it allows value-added process, such as 
unpacking, sorting, labeling etc. to be performed in the dock. Shipments to the same 
destination can be gathered and tightly packed on the pallets. This can minimizes the 
number of pallets and the volume of loads. The full trunk load (FTL) outbound trailer 
can be dispatched as to minimize the transportation cost. If there are multiple stops 
for a delivery, the pallets can be loaded in the reverse order of delivery on an 
outbound trailer (Bartholdi et al. 2001). 
To stage pallets, workers usually place the pallets in the staging area near the 
shipping doors. This forms two types of staging queues: parallel staging queues and 
tandem staging queues (Gue & Kang 2001). Bartholdi et al. (2001) develop a model 
to compare the queues of staging pallets on the floor with that staging in a flow rack. 
The simulation results show that the maximum throughput is higher for longer 
queues. It is because the arrivals balk less often as it takes longer for the queue to -
reach the blocked stage. It also shows that the performance of staging queues and 
flow rack queues are about the same for very large or small queues. The flow racks 
therefore offers little advantages in crossdocking, but it may lead to high initial cost 
and obstruction of material flow patterns. 
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Sandal (2005) examines different staging cases with respect to two staging 
strategies: random staging in a single queue and zoned staging. In different staging 
cases the freights are either loaded into the trailers or staged based on the scheduled 
loading sequence. Outbound container volume utilization, staging floor space 
utilization and material handling time are used as the performance measure. The 
result suggests that loading outbound trailer simultaneously with the use of zoned 
staging strategy performs better than any other strategy. The freight consisting of 
larger dimension sized boxes improve the profit in spite of lower container volume 
utilization. 
Geometry 
For a company that considers to build or hire a new warehouse, they may face 
the problem in choosing the shape of the warehouse for crossdocking. This is another 
factor for improving crossdocking operations. Bartho ldi and Gue (2004) evaluate the 
effect of the shape of crossdocks on the labour cost. The result shows that as the size 
of the dock increases, the most labour-efficient shapes for a crossdock are I, T and X. 
The !-shape is most efficient for a facility with 150 doors or less while X- shape is 
the best for more than 200 doors. T- shape is most suitable for the a crossdock of 
intermediate size. 
Others 
Y ang et al. (2009) examine the internal operations of crossdocks and discuss 
the impact of various factors on their performance. The factors examined include 
direct versus indirect handling of pallets, layout, number of forklift:s, number of open 
receiving doors, size of crossdock and freight mix. Unlike other crossdocking 
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simulation studies which examine the factors separately, this simulation compares 
the results with variation in different factors. Thus the interactions between the 
factors and their impact to the crossdock can be studied. The results show that these 
factors can affect the congestion in a crossdock which in turn affects performance. 
To improve the accuracy of results from crossdocking simulation, Aickelin 
et al. (2006) examine the reduction of variance associated with a simulation output 
performance measure. They use sequential sampling method for variance reduction. 
However, this requires large number of simulation replications to achieve the desired 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.3 Mathematic programming in crossdocking 
Other than using simulation as a tool to examine about crossdocking, 
mathematical programming is also another approach. The models are shown in Table 
2-2. 
Tsui and Chang ( 1990 and 1992) propose a microcomputer tool based on a 
bilinear program for the recognition of the shipping patterns and the assignment of 
the dock doors. They develop the model for the assignment of receiving doors to the 
origins and shipping doors to the destinations, as to minimize the distance travelled 
by the forklifts. The proposed bilinear programming problems is solved by the 
branch and bound algorithm. 
The door assignments of the Less Than Truckload (L TL) terminals is further 
examined by Bermudez and Cole (2001) and Bozer and Carlo (2008). Bermudez and 
Cole (200 1) illustrate a genetic algorithm for assigning doors to minimize the total 
weighted travel distance, and thus reduces labour cost by reducing the freight 
handling time. The underlying problem is a Quadratic Assignment Problem which is 
solved by genetic algorithms and a genetic algorithm tool is developed to solve the 
assignment problem. Bozer and Carlo (2008) use a Simulated Annealing (SA)-based 
heuristic procedure to determine the assignments to minimize the overall material 
handling workload in a rectangular crossdock. A linear Mixed-Integer Program 
(MIP) is formulated for the Quadratic Assignment Problem (QAP) with rectangular 
distances. By SA heuristic, it is observed that narrow crossdocks have smaller 
material handling workloads and the heuristic can be applied to alternative shapes 
other than rectangular crossdocks. 
The mathematical programming approach for the crossdocks is not only used 
in the door assignment of the crossdock, it is also applied to Just-In-Time (JIT) 
27 
scheduling of the incoming trailers in the crossdock. Li et al. (2004) examine a 
problem to eliminate or minimize storage and order picking activity using JIT 
scheduling in the crossdock. A schedule is decided to specify the time to start 
breakdown and to complete buildup of all cargo. The goal is to complete processing 
each container exactly at its due date. A model is built using machine scheduling 
notion. This is a NP-hard problem and solved by a heuristic solution. Two 
approaches are proposed for the problem: Squeaky Wheel Optimization heuristic and 
Linear Programming (LP) solver. Both algorithms are embedded in a Genetic 
Algorithm. Based on the problem ofLi et al. (2004), Alvarez-Perez et al. (2009) 
solve the NP-hard problem by a combination of two metaheuristics: Reactive 
GRASP (Greedy Randomized Adaptive Search Procedure) and Tabu Search (TS). 
These approaches provide a solution to the problem with shorter processing times. 
Other than considering the internal operation of the crossdock, some studies 
examine crossdocking as one of the applications in the whole supply chain. Giimiis 
and Bookbinder (2004) consider the crossdocks as one of the nodes in the supply 
chain system. They determine the impact by considering the number of crossdock 
and the locations of the distribution network in which the crossdock should be 
operated. Shipment configurations are analyzed _for single and multiple products per 
manufacturer. Waller et al. (2005) develops models to predict the changes in the 
retailer's system-wide inventory levels as a result of crossdocking. The inventory 
benefits by using crossdocking is predicted. The bullwhip effects resulted from 
random ordering, positively correlated ordering and correlation of store demand, are 
also considered in the model. Galbreth and Hill (2008) develop model to gain 
insights to the situations which can provide the most value for the supply chain. The 
impact of demand variability, mean demand and holding cost on the value of 
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crossdock are examined. The results indicate that crossdocking is most valuable 
when demands are relatively low and stable and holding costs at the customer 
locations are high. It is suggested that smoother demands might not actually indicate 
a higher value of crossdocking and the value is also depends on the interaction of key 
factors such as holding costs and demands. 
2.4 Conclusion 
Our literature review shows that part research has examined crossdocks 
assuming either freight staging or no freight staging. There is no comparison of 
freight staging versus no freight staging on the performance of the crossdocks. 
Staging in the crossdock allows various add-value services, but the value of staging 
at the crossdocks has not been tested. Thus in our research, we compare the value of 
transferring shipments directly versus indirectly from inbound to outbound trailers as 
one of the experimental factors. 
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CHAPTER 3. MODEL APPROACH AND ASSUMPTIONS 
In this chapter, we discuss the framework for our simulation model. Modeling 
assumptions are also presented. 
3.1 Simulation Modeling 
Simulation is widely used in the practice to design a model for a real or 
imagined system. With the model of a system, we may conduct experiments. 
·Through the experiments, the behavior of the system or the strategies to operate the 
system can be analyzed and evaluated. 
Formally, computer simulation can be defined as "an attempt to model a real-
life or hypothetical situation on a computer so that it can be studied to see how the 
system works. By changing variables, predictions may be made about the behavior of 
the system" (Smith 1998). A simulation model is used to study the operation for a 
compressed time or space, and thus the interaction among various strategies to the 
system can be studied without the consideration of time and space. The level of 
understanding of the interactions to the system via simulation is seldom achievable 
via any other methods. 
The first step to build a simulation model is to analyze the problem with the 
solution to the system in mind. The input parameters, performance measures, 
relationships among the parameters, variables, and the system operation rules are 
identified. Sufficient information about the system should be gathered so that the 
problem can be analyzed and mapped out. The second step is to collect the data for 
the estimation of model input parameters. Distribution of random variables will be 
formulated according to the data collected. 
After the preparation steps for the model are done, the third step for the 
simulation is to construct the simulation model. The model can be constructed by a 
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general purpose language (e.g. C++ and FORTRAN) , special-purpose simulation 
language, or simulation software packages (e.g. Arena/SIMAN and PROMODEL). 
Simulation software packages are well developed and can be used to model virtually 
any system. Model verification, validation and modification are followed so as to 
ensure the accuracy of the model. 
A number of scenarios will be run on the valid simulation model. These 
simulation experiments are to estimate the model performance and aim at solving the 
proposed problem. The output of the experiments will be analyzed to determine the 
design that has the best performance. 
3.2 Model Assumptions 
A crossdock used in this study is an !-shaped crossdock based on Yang et al. 
(2009). An !-shaped crossdock is by far the most common crossdocks. Figure 3-1 
shows the dimension of part of the crossdock and the actual simulation consists of 
two cases: 24 and 96 doors. Bartholdi and Gue (2004) suggest that the !-shaped 
crossdock is best for a dock with less than about 150 doors. The distance between 
adjacent receiving/shipping doors is 16 feet. There are free staging areas in front of 
every receiving/shipping door which can be accommodated by only one forklift. 
Queueing area is available in between each receiving and shipping doors. Each queue 
allow at most three forklifts which is 8 feet each in length. Forklift is used as the 
transporter to transfer shipments between the receiving and shipping doors. When the 
staging area or the receiving/shipping door is occupied, the forklift waits at the 
corresponding queue for its turn to enter receiving/shipping door. There are two 
aisles: one between the receiving doors and queueing areas and one between the 
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shipping doors and queueing areas. Each aisle allows two forklifts travel in both 
directions. The speed of the forklift is assumed to be 4 miles/hour. 
16" 16" 
.. I ... 16" ... I 
~s3~ ~s4~ 
~R4~ 
Figure 3-1 Dimension of the crossdock in the simulation model 
The receiving doors and shipping doors are located on the two opposite sides 
of the crossdock. Each receiving door is assigned to in bound trailers from different 
origins and each shipping door is assigned to the same destination. A dedicated door 
for a destination can avoid sending items to a wrong destination. There are two teams 
handling pallets transfer inside the dock: a material handling team and crossdocking 
team. The material handling team handles the staging pallets for either receiving 
doors or shipping doors. The crossdocking team handles the crossdocked products 
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and each forklift is assigned to serve one receiving door only. The staging options of 
the pallets are available on both the receiving and shipping doors. The loading time 
and unloading time for a pallet by the forklift is assumed based on Yang et al. (2009) 
and Sandal (2005). The processing time varies between staged pallets and 
crossdocked pallets. For the staged pallets, the unloading and loading times for a 
forklift from/to the staging area is 0.5 minutes and 1 minute, respectively. For the 
crossdocked pallets, the unloading and loading times for a forklift to load/unload a 
pallet directly from/to the trailer is 1.5 minutes and 3.0 minutes, respectively. 
The crossdocking operation studied is shown in Figure 3-2. The operations of 
the crossdock can be divided into two parts: inbound operations and outbound 
operations. 
3.2.1 Inbound operations 
Figure 3-3 shows the operations of a forklift when a pallet arrived at the 
receiving door. When an incoming trailer arrives, it is assigned to a receiving door. 
This model assumes that infinite supply of pallets at the receiving doors. The 
supervisor can decide whether the crossdock stages the receiving pallets. If staging is 
chosen, the pallet is unloaded and staged at a receiving door to the corresponding 
staging area by the material handling team. The crossdocking team waits in the 
corresponding queue for a receiving door (QR) as shown in Step 1. The staged pallet 
is then picked up by the crossdocking team from the staging area and enters the 
queue for the shipping doors as shown in Step 2. If crossdocking is chosen, the pallet 
is unloaded by the crossdocking team directly from an inbound trailer and moves to 
the queue for shipping doors (QS). 
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Incoming Pallet Enter The Terminal Form The 
Incoming Trailer 
Operations 
Crossdocking Team Enter The 
Queue For The Shipping Door 
Pallet Unloaded And Staged At 
The Shipping Door 
Pallet Pick Up And Loaded To 
The Outbound Trailer By 






Pallet Loaded By The 
Crossdocking Team To The 
Outbound Trailer 
Figure 3-2 The operation of a pallet in the cross dock 
34 
- s1-
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .............. : ~-: 1' .... : 
I staging Area 1 •.. 1 " Sia(ll~g A!'ea 2 "<'-;' .. ·:. ·>·' ... •·- .. St~glng Are(:l 3 ... 
EE~~~R2..,. 
Figure 3-3 Route of forklift for transferring a incoming pallet 
3.2.2 Outbound Operations 
The crossdocking team's forklifts move with the pallets to the queue for 
shipping doors. If the shipping door is occupied by another forklift , the forklift will 
wait at the queue. When the shipping door is available, the forklift will move into the 
shipping door as shown in Step 3. 
Similar to the inbound operations, staging option is also available at the 
shipping doors. If staging is chosen, the crossdocking team puts down the pallet at 
the staging area for the corresponding shipping door. The staged pallet will then be 
picked up by the material handling team and loaded onto an outbound trailer. For the 
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crossdocked pallets, the crossdocking team unloads the pallets directly to an 
outbound trailer. It is assumed that the outbound trailers are always available at the 
shipping doors for the unloaded pallets. 
After these operations, the empty crossdocking forklift will return to the 
queue for its corresponding receiving door (QR) as shown in Step 4. 
3.3 Crossdocking in Arena® -Modules 
The basic building blocks for Arena® models are modules. The modules are 
the flowchart and data objects which defme the process to be simulated. (Kelton et al. 
2004). Figure 3-4 shows the whole simulation model for the crossdock operation for 
with staging in both receiving and shipping doors, and different components fall 
under different part of the crossdock operations: (1) Inbound operations and (2) 
Outbound operations. 
36 






f"~«''~}-f'"""~'l-·f"'•';, ·. ~'{'""""''-~-~--;.,;,;, Hut::~i=fi~ Ffiff(Tf~}ffr{7")-.[;;;ct"'~it l~L.~;:<:~~<~.:::l~.~-:.··~·-~•n ,.;)!•>-•,•, NNM•o •·' ~-·,:••W', % -.-·~ .. ~·~·.·~,• 
Figure 3-4 The Simulation Model of Crossdock with 24 Doors 
3. 3 .1 In bound operations 
Figure 3-5 Create module in Arena 
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1. The Create module (shown in Figure 3-5) is the starting point for entities 
(incoming shipments) in the simulation model. The number of entities created 
equals to the number of pallets from the incoming trailers already docked in 
the receiving doors and waiting for unloading. 
2. The Assign module is used for assigning a Receiving Door, Shipping Door 
(Destination) and Entity picture (Graphic representing shipment) for each 
entity. These values are used to decide the forklift used by the entity and the 
entity route sequence. 
Seiz4! R·1 Stage Releas<! R1 
Stage 
Figure 3-6 Example of Shipping Door 1 model in Arena 
Free M aterial I..._..-J LJL~~.~~~f~~~#:#~~ 
Follditt R·1 
3. The Station module (shown in Figure 3-6 as example at Receiving Door R1 ) 
represents the physical receiving door which all entities wait for unloading 
either by the material handling forklift or crossdocking forklift for staging at 
the receiving door or crossdocking to the shipping door. 
Staging at Receiving Door 
The staging operations at both receiving and shipping doors work similarly 
with reverse sequence of modules. The following illustrates the staging at the 
receiving door (shown in Figure3-6): 
1. The Seize module (Seize S 1 Door) is used to allocate the receiving door to an 
entity so as to prevent more than one entity from entering the receiving door. 
The entity enters the Seize module and waits in a queue until the receiving 
door is available. 
38 
2. The Request module is used to request a forklift and allocate it to the 
requesting entity. The entity remains at the Request module until the forklift 
has reached the entity's station and then the entity will leave the Request 
module. 
3. The Delay module is used to represent unloading time by the forklift of the 
pallets from the incoming trailer to the staging area at the receiving door. 
4. The Release module is used to give up the allocation of the receiving door 
after the forklift reached the requesting entity. The next entity waiting in the 
Request queues for the receiving door will gain the control of the receiving 
door immediately. 
5. The Free module releases the entity's most recently allocated forklift and the 
forklift will wait idle at the freeing entity's station for the next allocation. The 
next waiting entity in the Request module queue for the forklift will be given 
the allocation to the forklift. 
6. The Leave module transfers the entity to the next station. In the staging 
operation at the receiving door, the entity is transferred to the staging area by 
a conveyor with no delay for the entity to imitate the unloading of pallets 
from the incoming trailer to the staging area. 
7. Upon the completion of the staging area (Stage Rl in Figure 3-6), the 
Request Module requests a crossdocking forklift serving a particular 
receiving door. 
8. The Delay module imitates the time for a crossdocking forklift to pick up a 
pallet from a staging area. 
9. An entity (i.e. a pallet) will then enter the Transport module. The Transport 
module transports the entity by moving it according to its entity route 
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sequence. The route sequence will set a shipping door waiting queue and a 
shipping door to the entity, respectively and the route is defmed in the guided 
network of the forklifts. 
3.3.2 Outbound operations 
Seize s ·1 Door 
Figure 3-7 Module for queueing at the shipping door in Arena 
Put Down 
Figure 3-8 Module for the shipping door operation 
1. The Station module is used to represent a waiting queue for a shipping door 
(shown as QS 1 in Figure 3-8). The queue allows at most three forklifts and 
the remaining forklifts will be used in the aisle. 
2. The entity (i.e. pallet) enters the Seize module and waits for an allocated 
shipping door. After the allocation, it enters the Transport module and moves 
to its designated shipping door. 
3. The Station module (S 1 Station in Figure 3-8) represents the entrance for the 
forklift and enters the staging area at the associated shipping door. 
4. The Delay module (Staging S 1 in Figure 3-8) imitates the time for the' forklift 
to unload a pallet at the staging area. 
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Staging at the outbound operations 
1. After a pallet being staged, the Release module (Release S 1 Door in 
Figure 3-8) and the Free module (Free forklift 1 in Figure 3-8) give up 
the allocation to the shipping door and control to the forklift 
respectively. 
2. The Leave module conveys the pallets to the staging area with no delay 
to the pallet and enter the Enter module (S 1 Stage in Figure). 
3. The remaining process is similar to that in the staging at the receiving 
door. The staged pallet is picked up by the material handling forklift 
and loaded to the outbound trailer at the shipping door. 
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Figure 3-9 Record Module for statistic collection in Arena 
5. The processing time of the entity and the number of pallet shipped is recorded 
before the dispose (shown in Figure 3-9). 
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3. 3. 3 Forklift as Transporter 
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Figure 3-10 Guided Network for forklifts 
The entities (i.e. pallets) are transported in between the receiving doors and 
shipping doors by the forklifts. The forklifts are imitated by the guided transporter 
device in the Transporter module of Arena®. The guided transporters are restricted 
to run on fixed paths (Network Links) followed the route in Figure 3-10. The length 
of each Network Link is based on the actual dimension of the crossdock. The 
movements of the guided transporters are affected by traffic congestion caused by 
other vehicles within the network. Only one forklift can travel through the link at one 
time. 
Congestion and blocking of forklifts can create a great impact to the whole 
crossdocking system. The following are some examples: 
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t> 
• When more than one forklift intend to use the same receiving/shipping 
door, only one forklift can get right to use the receiving/shipping door 
while other forklifts are required to wait in the queue. This would 
increases the processing time for the forklifts. 
• As the queues only allow three forklifts to wait for the receiving/shipping 
doors, any extra forklifts enter the queue will wait at the aisles and 
blocking the route of other forklifts. 
• When the forklifts move between the staging area, they will travel 
through the aisle and block the movement of other forklifts on the aisles. 
This may result in congestions of the forklifts travelling in the same 
direction on the aisles. 
3.4 Conclusion 
Simulation is used to examine the simulation factors. The simulation model 
for our experiments is introduced. The model is implemented as modules in Arena 
with various parts of operations. The model assumptions and the model operations 
are illustrated. 
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CHAPTER 4. SIMULATION DESIGN 
In this chapter, we discuss the factors in the simulation. The experimental 
designs for the simulation are also presented. 
4.1 Factors in Simulation 
We adopt Yang et al. (2009) as a basis to design the simulation model. The 
following illustrates the factors examined in the model: 
4.1.1 Pallet Handling 
The incoming shipments are packed and put on the pallets. When an 
incoming trailer arrives at a receiving door, the forklifts pick up the pallet from the 
trailer and move it to the next step in the crossdock. The simulation assumes that 
infmite pallets are available. There are two pallets handling options available at both 
receiving and shipping doors: crossdocking and staging. The material handling 
team's forklifts deal with staging pallets while the crossdocking team's forklifts 
handle crossdocking pallets. The material forklifts are responsible to the staging of 

















Table 4-1 Pallet Handling Options 
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Table 4-1 shows the four handling options at both sides of doors for the 
pallets. For crossdocking at a receiving door (denoted by UT), the crossdocking 
forklifts will unload the pallets directly from an incoming trailer and travel to the 
queue of the associated shipping door. For staging the incoming pallets at a receiving 
door (denoted by US), the material handling forklifts will unload the pallets from an 
incoming trailer to the staging area at the associated receiving door. The crossdock 
forklifts will then pick up the pallets from the staging area and move to the queue of 
the associated shipping door. 
The operation is similar at the shipping door. The crossdocking forklifts with 
the pallets will travel from the queue to the associated shipping door. For 
crossdocking the pallets at the shipping door (denoted as LT), the crossdocking 
forklifts load the pallets directly onto an outbound trailer. For staging the pallets at 
the shipping door (denoted as LS), the crossdocking forklifts leave the pallets at the 
staging area of the associated shipping door. The material handling forklifts will then 
pick up the pallets from the staging area and load the pallets onto an outbound trailer. 
The four options in Table 4-1 are extended from the crossdocking and staging 
option at the receiving and shipping doors. In the option UT/LT, for example, the 
pallets are unloaded by the crossdocking forklifts directly from an inbound trailer 
and sent to the corresponding shipping door going through the queue of the shipping 
door. Then the pallets are loaded directly by the same crossdocking forklifts onto an 
outbound trailer. 
In contrast to UT/LT in which the pallets are sent through the dock without 
touching the floor, US/LS requires the pallets being staged both at the receiving and 
shipping doors. When an incoming trailer arrives at the receiving door, a material 
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handling forklift unloads the pallets from the trailers and places them at the staging 
area of the associated receiving door. A crossdocking forklift picks up the pallet 
from the staging area, transport with the pallets to its corresponding shipping door, 
and places the pallets at the staging area of the associated shipping door. A material 
forklift at the shipping door will then pick up the pallets and load them into an 
outbound trailer. The US/LT and UT /LS combinations use the crossdocking or 
staging options at the receiving or shipping doors. 
4.1.2 Freight Mix 
The destinations of pallets from an incoming trailer are different. This is 
referred to as the freight mix of the incoming pallets. The freight mix of the 
incoming shipments produce a great impact on the crossdocking system. Gue ( 1999) 
illustrates that the content of a trailer affects the performance of a crossdock, despite 
of how a supervisor assigns incoming trailers to receiving doors. Freight mix is also 
one of the factors affecting the shape of a crossdock (Bartholdi & Gue, 2004). 
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Figure 4-1 Freight Mix in the simulation 
There are two types of freight mix for the incoming shipments: uniform pallet 
mix and biased pallet mix. Figure 4-1 shows an example of pallet mix with six 
destinations. In uniform pallet mix, the pallets on an incoming trailer are randomly 
assigned to a destination. In this case, the probability of a pallet being assigned to a 
destination is 1/6. In biased pallet mix, some destinations are more likely to receive a 
pallet. In the simulation, 70% of the incoming pallets are assigned to 1/3 of the 
destinations and the remaining 30% of the incoming pallets are assigned with equal 
probability to all destination. In this case, 70% of the pallets are assigned to 2 
destinations while the remaining 30% of the pallets are assigned to all destinations 
with using a uniform distribution. 
4.1.3 Door Layout 
The decision of door layouts depends on the assignment of receiving or 
shipping doors. This affects the travel distance of the forklifts between the in bound 
and outbound trailers and thus the processing time of the pallets in a crossdock. It 
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will also have an impact on the pattern, the level of congestion and the waiting time 
m queues. 
As mentioned above, most crossdocks do not use all the receiving doors 
simultaneously. Figure 4-2 shows four different distributions of the door layout of a 
crossdock with 24 doors: CASS, SASS, LALS and LARS. The length of the 
rectangle at each door shows the amount of flows at each receiving door (shown at 
the bottom) and shipping door (shown at top part). All receiving doors get the satne 
amount of pallets and in other words the amount of the flows at each receiving door 
is the same. For shipping doors, the amount of pallet flows is different in the case of 
uniform pallet mix and biased pallet mix. For uniform pallet mix, the flows of 
shipment to each shipping door are the same. For biased pallet mix, destinations with 
higher pallet flows are assigned to shipping doors using different strategies. 
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Figure 4-2 Door Layouts of the simulation models (Adapted from Yang et al. (2009)) 
For CACS (Center Arrival and Center Shipping) layout, the receiving doors 
in the center of the receiving side are opened and all shipping doors are opened. In 
biased pallet mix, the destinations with the higher flow of shipment are assigned to 
the shipping doors in the center of the outbound trailer side. This layout can 
minimize the travel distance by the crossdocking forklifts between the receiving door 
and shipping door area. However, it increases the probability of congestion to occur 
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as the doors are condensed at the center of the crossdock. The shipping door with the 
higher flow of shipment may block other forklifts serving other shipping doors. 
For SASS (Spread Arrival and Spread Shipping) layout, the receiving doors 
are spread evenly, such as using odd numbered receiving doors in the example. It 
may increase the travel distance of the crossdocking forklift, which resulting in an 
increase of travelling time. However, the busy shipping doors are spread out and thus 
reduce the chance of congestion. 
For LALS (Left Arrival and Left Shipping) layout, incoming trailers are 
assigned to the left side of the receiving doors and the busiest destinations are 
assigned on the left side of the shipping doors. This layout may minimize the 
distance travel from the receiving door to the busy shipping door but may increase 
the distance between less busy shipping doors with the receiving doors. As the 
busiest shipping doors are condensed on the corner of the dock, the chance of 
congestion and blockage of crossdocking forklifts is increased. 
LARS (Left Arrival and Right Shipping) is similar to LALS at the receiving 
doors. Incoming trailers are assigned on the left side of the receiving doors. Unlike 
LALS, the busiest activities in LARS concentrated at the right side of the shipping 
doors. This layout increase the distance between_ the busiest shipping doors and the 
receiving doors. However, it may reduce the chance of congestion and blockage. 
4.1.4 Number ofReceiving Door 
Bartholdi et al. (2004) reports that for the crossdocks of the US LTL carrier 
Yellow Transportation , the percentage of receiving doors varies from 21% to 67% 
of the total number of doors available. In their simulation experiments, the number 
of receiving doors used is ranged from 10% to 50% of the total number of doors in 
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the crossdock. In our simulation studies, 50% of the dock doors are used as 
receiving doors and the remaining 50% are designated as shipping door. 
Each receiving door is serving inbound trailers from various different origins 
while each shipping door is permanently serving outbound trailers to the same 
destination. This is a widely-adopted approach. Many crossdocks use this approach 
to avoid confusion and shipping shipments to wrong destinations. Y ang et al. (2009) 
reports that crossdock managers prefer to open fewer receiving doors due to several 
reasons. Firstly, the security and inspection points can be reduced as fewer receiving 
doors are opened. This may reduce the human resource and thus labour cost. 
Secondly, the congestion at the receiving doors can be controlled by limiting the 
number of parked in bound trailers. The congestion at the shipping doors is more 
difficult to predict as every crossdocking forklift will have the chance to use a 
particular shipping door for loading their pallet onto the outbound trailer. Therefore, 
it is not suitable to reduce the number of open shipping door which would increase 
the probability of congestion at the shipping door side. Thirdly, changing the number 
of open receiving door can affect the travel distance of the crossdocking forklift 
which can minimize the processing time for the pallets. 
To investigate the impact to the crossdock with open different number of 
receiving door, different fraction of open receiving door is examined. Table 4-2 
illustrates the receiving door open in the two experiments: 








Percentage of receiving 
doors open 
33%, 50%, 100% 
33%, 50%, 100% 
Table 4-2 Number of receiving door open 
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Number of open 
receiving door 
4, 6, 12 
16, 24, 48 
4.1.5 Number of forklifts 
F orklifts are used as the transporter in the crossdock to transfer shipments 
between a receiving door and shipping door. Yang et al. (2009) report that many 
crossdocks assign forklift( s) to a receiving door permanently. In their simulation, 
they assume that all forklifts are used as the crossdocking forklifts. The material 
handling functions between the trailers and staging areas are assumed to be perfectly 
processed by a crew outside the simulation. 
In our simulation, there are two types of forklifts: crossdocking forklifts and 
material handling forklifts. Each receiving door will be assigned 1, 2 or 3 
crossdocking forklifts permanently. The material forklifts are serving either all 
receiving doors or shipping doors. Congestion and blockage happen in the 
crossdocking forklift travelling area between the receiving door and shipping door. 
As only one forklift can use the receiving door or shipping door at a time, a material 
forklift affect the allocation of the door and the process of staging/pickup of the 
pallet. The number of material forklift is 2/3 of the total number of crossdocking 
forklift. Table 4-3 illustrates the number of forklifts in the 24 door crossdock with 6 
open receiving doors. 
Pallet Number of Number of Number of Total number 
Handling crossdocking crossdocking material of forklift 
forklift per forklift handling forklift 
door 
US/LT 1/2/3 6/12/18 4/8/12 10/20/30 
US/LS 1/2/3 6/12/18 8/16/24 14/30/42 
Table 4-3 Number of forklifts in Experiment 1 
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4.1.6 Size of Crossdock 
The size of the crossdock is controlled by the total number of dock doors and 
the floor area of the crossdock. As the area and number of door increase, the travel 
distance by the crossdocking forklifts increases and resulting in a longer travelling 
time handling shipments. However, with the suitable door layout, a large crossdock 
may reduce the probability of congestion and blockage. To investigate the effects 
between the size of the crossdock, we examines crossdock with 24 and 96 doors. 
4.2 Experimental Design 
The experiments in the simulation are based on the design by Yang et al. 
(2009). Our simulation consists of two experiments: 
4.2.1 Experiment 1: Impact of door layouts and number of forklifts 
Experiment 1 examines the impact of using different door layouts and 
different number of forklifts on the performance of the crossdock. Table 4-4 
illustrates the factors in the Experiment 1. Yang et al. (2009) report that the 
performance of the same door layout is not related to the size of the crossdock. The 
number of open receiving doors also only has little impact in the small dock. Thus in 
Experiment 1, the size of crossdock is fixed at 24 doors and the number of open 
receiving door is fixed at 50% (i.e. 6 of 12 receiving doors). 1, 2 or 3 crossdocking 
forklifts are assigned to a receiving door. The number of material handling forklifts 
varies with different pallet handling strategies. 
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Factors in simulation 
Pallet Handling UT/LT, US/LT, UT/LS, US/LS 
Freight Mix UL(Uniform), BL(Biased) 
Door Layout CACS, SASS, LALS, LARS 
Number of Receiving Door Fixed at 6 (50% of total number of receiving door) 
Number of Forklift Shown in Table 4-3. 
Size of Crossdock 
Crossdocking forklift: 1,2 or 3 assigned to a receiving door 
Material handling forklift: varied with pallet handling 
strategies. 
Fixed at 24 Doors 
Table 4-4 Simulation factors in Experiment 1 
4.2.2 Experiment 2: Impact of number of open receiving door and size of 
crossdock 
Experiment 2 examines the impact of number of open receiving doors and the 
size of a crossdock on the shipments directly or indirectly between the inbound and 
outbound trailers. Table 4-5 shows the simulation factors in Experiment 2. Several 
simulation factors are fixed in Experiment 2. The best door layout in Experiment 1 is 
used in Experiment 2. 
The number of crossdocking forklifts and material handling forklifts are fixed. 
The number of crossdocking forklifts is fixed at 12 in 24 doors crossdock and 48 in 
96 doors crossdock. Table 4-6 shows the number of open receiving door and forklifts 
in a crossdock. For example in a 96 doors crossdock, if the number of open receiving 
door is 33%, which is 16 of 48 available receiving doors, 3 forklifts will be assigned 
to each receiving door. If the number of open receiving door is 50%, which is 24 of 
48 available receiving doors, 2 forklifts will be assigned to each receiving door. If 
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the number of open receiving door is 100%, which means all48 available receiving 
doors will be opened, only 1 forklift will served a receiving door. The number of 
material handling forklifts is fixed at 6 and 24 at the receiving or shipping door 
staging area. In UT IL T, the pallets are crossdocked and thus no material handling 
forklift is required, the total number of forklifts in the crossdock is equal to the 
number of crossdocking forklift. In US/LT and UT/LS, staging is used either one of 
receiving or shipping door side, the total number of forklift in the crossdock is equal 
to the sum of the number of crossdocking forklift and the number of material 
handling forklift for the staging at either receiving or shipping door. In US/LS, 
pallets are staged at both receiving and shipping doors, hence the material forklift is 
doubled to serve two staging areas. 
Factors in simulation 
Pallet Handling UT/LT, US/LT, UT/LS, US/LS 
Freight Mix UL(Uniform), BL(Biased) 
Door Layout Fixed at CACS 
Number of Receiving Door 33%, 50o/o, 100% 
Number of Forklift Crossdocking forklift: 
Size of Crossdock 
Fixed at 12 for 24 doors crossdock and 28 for 96 doors 
crossdock 
Material handling forklift: 
Fixed at 6 (for a receiving/shipping staging) for 24 doors 
crossdock and 24 (for a receiving/shipping staging) for 96 
doors crossdock 
24 doors , 96 doors 
Table 4-5 Simulation factors in Experiment 2 
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Pallet Size of Number of open Number of Number of Total 
Handling Crossdock receiving door crossdocking material number of 
(33°/o/50°/o/100°/o) forklift handling forklift 
forklift 
UT/LT 24 4/6/12 12 0 12 
96 16/24/48 48 0 48 
US/LT 24 4/6112 12 6 18 
96 16/24/48 48 24 72 
UT/LS 24 4/6112 12 6 18 
96 16/24/48 48 24 72 
US/LS 24 4/6/12 12 12 24 
96 16/24/48 48 48 96 
Table 4-6 Number of open receiving door and forklifts in a cross dock 
4.3 Performance Measures 
Two performance measures are collected: Mean Hourly Throughput per 
Forklift (MTF) and Mean Handling Time per Pallet (MHP). 
Mean Hourly Throughput per Forklift (MTF) is the mean number of pallets 
moved per hour between inbound trailer and outbound trailer by a forklift. It is the 
measure of the capacity of a crossdock to handle pallet from in bound and outbound 
trailer. It is a measure of the capacity of a crossdock to handle pallets from receiving 
to shipping. 
Handling Time per Pallet (MHP) is the mean amount of labour minutes 
required to move one pallet from in bound and outbound trailer. It is a measure of the 
total effort required to move one pallet from inbound to outbound trailer. The amount 
ofhandling time for each pallet depends on the options of pallet handling. For 
example, the US/LS handling options moves each pallet from the incoming trailer to 
the staging area of a receiving door, then from the staging area of a receiving door to 
the staging area of a shipping area, and fmally from the staging area of a shipping 
area to the outbound trailer. In this case, several processing time is added to the 
handling time of a pallet: 1. 5 minutes to unload a pallet from the in bound trailer to 
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the staging area of the receiving door by the material handling forklift. Then, 0.5 
minutes to pick up the pallet from the staging area at the receiving door and 1. 0 
minute to put down the pallet at the staging area at the shipping door by the 
crossdocking forklift. Finally, 3.0 minutes to load the pallet onto the outbound trailer 
by the material handling forklift. For other handling option, such as UT/LT, fewer 
handling times will be included. In the case ofUT/LT, the pallet is crossdocked at 
the receiving and shipping door. In this handling option, the additional time included 
are 1. 5 minutes to unload the pallet from the in bound trailer and 3. 0 minutes to load 
the pallet to the outbound trailer. 
4.4 Conclusion 
The performance of the crossdock is affected by various factors. This chapter 
introduces the effects of these factors and their implementation in the simulation 
model. 
The two simulation experiments are introduced. The configurations for each 
factor in the simulation model and the performance measures to the simulation 
results are also illustrated. 
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CHAPTER 5. RESULTS AND ANALYSIS 
In this chapter, we discuss the results of the two experiments. The results for 
all factor combinations are plotted and analyzed. 
5.1 Mean Hourly Throughput per Forklift (MTF) 
The Mean Throughput per Forklift (MTF) is the performance measure for the 
number of pallets that a forklift can process in an hour. Figure 5-1 shows the four 
subplots of mean hourly throughput per forklift (MTF) from Experiment 1.Each 
subplot shows the MTF of four door layouts for one of the four pallet handling 
options. Pair-wise comparison of the subplots USILS against UT/LS (and US/LT 
against UT/LT) shows that unloading pallets directly produces a slightly larger MTF 
than unloading indirectly. This is because staging time and additional time for 
handling the pallets are eliminated. Similarly, comparing the subplots US/LS against 
US/LT (and UT /LS against UT/LT) shows that loading pallets directly also produces 
a larger MTF than loading indirectly. Again this is because of staging time and 
additional time for handling the pallets are eliminated. 
The handling of staged pallets requires additional time. Additional time is 
also required for the pallets to wait at the staging area and handling time of the 
forklifts. For example, in US (staging at the receiving door), the pallets require these 
additional handling: 
1) An average of 1.5 minutes to unload from an incoming trailer to the staging 
area of a receiving door by a material handling forklift 
2) An average of 0.5 minutes by a crossdocking forklift to pick it up from the 
staging area of the receiving door 
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3) An average of 1.0 minutes to put it down at the staging area of the shipping 
door 
4) An average of3.0 minutes by the material handling team to load it onto an 
outbound trailer. 
The number of forklift in the crossdock is limited. The material handling 
team and crossdocking team shares this same resource (i.e. forklifts). Thus the 
staging of pallets with the material handing team reduce the number of forklifts for 
the crossdocking team. 
Furthermore, if the crossdock manager wants to maintain the same number of 
workers in the crossdocking team, he/she should add extra forklifts for the expansion. 
Thus the total number of forklifts in the crossdock increases. Since the MTF is based 
on the number of forklifts in the crossdock, the throughput per forklift decreases 
when adding material handling forklift to increase the throughput of the crossdock. 
Besides, the staging area only has the capacity for one forklift. The handling 
time required to unload/load from/to the trailer by the material handling is long. This 
lead to a much longer lead time for the staged pallets. 
CACS generally improve the MTF by minimize the travelling distance of the 
crossdocking forklifts. SASS provides better results by solving the congestion by 
spreading out the doors along the perimeter of the warehouse. The layout CACS 
usually produces a higher MTF as shown in Figure 5-l. Specifically, the subplot 
UT/LT shows that CACS produces the largest improvement (about double the 
average MTF) when the freight mix is uniform and 1 forklift is assigned to each 
receiving door. It is because the travel distance at the receiving door is minimized 
when the receiving doors in the center are opened. The congestion at the shipping 
door is minimized as the pallet mix is uniform and fewer crossdocking forklifts are 
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used. SASS does not show improvement in the results for all handling options. This 
shows that the minimization of travel distance in CACS offset the effects of solving 
congestion in SAS S. 
The effects of biased pallet mix can be seen when 1 or 2 forklifts assigned to 
a receiving door in Figure 5-1. The MTF decrease when moving from uniform load 
(UL) to biased load (BL). This shows that pallet mix affects the MTF of the 
crossdock system. In the subplots US/LS, UT/LS and US/LT, the MTF for all door 
layouts are similar. The MTF for BL freight mix in these subplots is smaller than that 
ofUL freight mix. This implies that the BL maximize the congestion problem at the 
shipping doors. This offset the effect of staging options at either receiving or 
shipping door. However, in the subplot UT/LT, all door layouts except CACS shows 
a larger MTF in BL than UL. This shows the effect for absent of material handling 
forklifts ofUT/LT. It can offset the effects of congestion of forklifts caused by the 
biased load of pallets. 
The pallet mix has different effects to the door layout when three forklifts are 
assigned to a receiving door. In Figure 5-1, the MTF for the crossdocks using 3 
forklifts per receiving door is lower than those using 1 and 2 forklifts per receiving 
door in all four subplots. There are also more negative slopes in most door layouts 
moving from UL (uniform load) to BL (biased load). These slopes show that the 
skewed pallet mix has a great impact on the MTF of all door layouts when using 3 
forklifts. In subplots US/LS and UT /LS, the MTF of most door layouts increase from 
UL to BL when using 3 forklifts per receiving door, while those using 1 and-2 
forklifts decrease from UL to BL. When the pallets is staging at the shipping door, 
the waiting time of the pallets dominate the processing time. It offsets the effects of 
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congestion by the crossdocking forklifts. The effects in travel distance by different 
layouts in uniform pallet mix are also reduced. 
However, LARS shows a better result in biased pallet mix when using 3 
forklifts. LARS minimizes the congestion problem by increasing the travel distance 
of the forklifts. LARS can solve the increased congestion in other door layout. This 
is the main reason for the lower MTF. The door layout SASS is the only one showing 
negative slope when moving from UL to BL. This also shows that congestion has a 
great impact on the MTF. 
It can be observed that having more than one forklift per receiving door 
cannot improve MTF as the forklifts increase the congestions at the doors. This 
happens especially in the handling option with staging at receiving or shipping door 
(i.e. US/LS, US/LT and UT/LS). MTF in these cases decreases as the number of 
forklift increases. In subplots US/LS, US/LT and UT /LS, the skewed pallet mix 
combined with multiple forklifts reduces MTF. The slope is more negative when 
moving from UL to BL for two forklifts per receiving door. Since MTF is defmed 
for each forklift, having more forklifts does increase the overall throughput even 
though the throughput per forklift is reduced. 
Figure 5-2 plots the MTF of different percentages of open receiving doors in 
Experiment 2. Through comparing the subplot UT/LT with other three subplots, it 
can be seen that the direct unloading and loading of pallets increase the MTF as the 
waiting time of the pallets at the staging area reduces. 
In all four subplots, the MTF for opening all receiving doors is generally 
higher than opening less receiving doors. This shows that opening more receiving 
doors generally helps to reduce the waiting time and the congestion problem at the 
receiving door. However, the improvement in MTF is not significant in the subplots 
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US/LT and US/LS. The number of open receiving doors does not affect the MTF 
when the pallets are staging at the receiving door. The waiting time for staging the 
pallets outweighs other factors such as travel distance and congestion of the 
crossdocking forklifts. 
The ditierence in MTF for opening different number of receiving doors is 
more distinguishing in the subplots UT/LS and UT/LT. It is because when the pallets 
are unloading directly (UT) at the receiving door, the handling time of the pallets is 
notably affected by the unloading time and the congestion time of the crossdocking 
forklifts. 
The subplots US/LS and US/LT in both Figures 5-1 and 5-2 show that a 
biased load freight mix hurts and reduces the throughput of the crossdock 
significantly. When the pallets are unloading indirectly at the receiving door (US), 
the biased load has a great impact on the travelling distance. The pallets are 
unloading and loading directly (LT) in the subplot UT/LT ofboth Figures 5-1 and 5-
2. They show that the negative impact of a skewed freight mix is reduced 
significantly. Unloading pallets directly at the receiving doors reduces the staging 
time of the pallets at the receiving doors. Loading pallets indirectly at the shipping 
doors enables the pallets spend less time in the staging area at the shipping doors. 
These two also help to mitigate the congestion at the shipping doors even when the 
freight mix is heavily skewed. 
The negative effective of a skewed freight mix is also less pronounced in a 
large crossdock. In a large crossdock, the forklifts spend more time for traveling 
between doors and produce less congestion at the doors. (as shown in subplots 
UT/LS and UT/LT for large crossdock in Figure 5-2). This shows an efficient layout 
(CACS) decreases travel time and congestion problem considerably for skewed loads 
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in larger crossdocks compared to that in smaller crossdocks. Most crossdocks in a 
real-world case consist of more than 90 doors, which should be considered as a large 
crossdock in our experiment. Hence the crossdock manager should consider the 
efficient layout, such as CACS, to improve the performance of the crossdock. 
5.2 Mean Handling Time per Pallet (MHP) 
The Mean Handling Time per Pallet (MHP) is the performance measure for 
the amount of labour minutes required to move one pallet from an in bound to 
outbound trailer. Figure 5-3 shows the four subplots ofMHP in Experiment 1, one 
for each pallet handling option. The subplots generally show that the layout CACS 
requires the smallest MHP although the differences among the layouts are small. A 
larger MHP is required when more forklifts are used because of increased congestion 
in the crossdock. Consistent with the results on MTF, biased pallet mix reduce the 
performance of the crossdock. The MHP increases due to congestion at the shipping 
door. 
Figure 5-4 shows that the MHP for different percentages of open receiving 
doors in Experiment 2. The figure shows the impact of opening more doors on the 
MHP is generally significant, especially in the subplots US/LS and UT/LS. The 
MHP increase significantly because of the serious congestion due to the increasing of 
travelling distance at the receiving doors. 
In the subplot UTILS, a skewed pallet mix has a significant positive impact 
on the MHP. This shows that a good layout like CACS can effectively reduce the 
impact of the biased load by reducing the travelling distance of the crossdocking 
forklifts. It also shows that the increasing travel distance is the main cause to the high 
MHT on the uniform load pallets. 
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The impact of unloading pallets directly can be seen from Figures 5-3 and 5-
4. By comparing the subplots US/LT against UT/LT (and US/LS and UT/LS), it 
shows that the direct unloading of pallets generally required less MHP with one 
exception. The subplot UT /LS in Figure 5-4, with a forklift is assigned to each 
receiving door, the MHP is higher for direct unloading. It is because the congestion 
problem is serious at the receiving door due to the long unloading time of the 
crossdocking forklifts. The aisle is easily being blocked when all receiving doors are 
opened. Besides, the travelling distance for the uniform load is higher, which has 
further impact on the MHP. Thus, unloading pallets directly generally requires a 
smaller MHP unless there is heavy congestion at the receiving doors as too many 
receiving doors are used. The heavy congestion is thus a signal for the crossdock 
managers to use fewer receiving doors. 
By comparing the subplot UT/LS against UT/LT in both Figures 5-3 and 5-4, 
it shows loading pallets (UT) directly requires less MHP. However, the comparison 
ofUS/LS against US/LT shows loading pallets indirectly (US) requires a larger 
MHP. The impact of indirect loading at the shipping door is less than that at the 
receiving door. In some case staging is necessary for value-added services, the 
manager should choose the staging of pallets in the staging area at the shipping doors 
instead of at the receiving doors. 
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5.3 Comparison with original results 
Our experiment is based on the experiment design by Y ang et al. (2009) with 
some difference in the experimental design as to improve the accuracy of the results. 
Here we compare our simulation results with the results by Y ang et al.: 
5.3.1 Mean Hourly Throughput per Forklift (MTF) 
There are noticeable differences in the overall results ofMTF between our 
results (shown in Figures 5-1 and 5-2) and those by Yang et. al. (shown in Figures 5-
5 and 5-6). These differences are mainly due to the different arrangement in the 
guided network path between the two simulation models and the addition of the 
material handling team in our simulation model. Our experiment includes the 
material handling team and thus increases the total number of forklifts in the 
crossdocking system. As the MTF is the average number of throughput per forklift, 
the MTF reduces as the number of forklift increases when staging the pallets. 
The two subplots US/LS in Yang et al. (Figures 5-5 and 5-6) has the highest 
MTF while the two subplots UT/LT our experiment (Figures 5-1 and 5-2) has the 
highest MTF. It is mainly due to the addition of the material handling team in our 
experiment. The time for staging of the pallets is included in the processing time of 
the pallet in the crossdock in our experiment. The transferring time of the pallet by 
the material handling team is also included in the processing time of the pallet. This 
shows the impact of staging of pallets and the extra handling processing of the 
material handling team on the total processing time of the pallet. 
In the subplot US/LS with 1 forklift in experiment l(Figure 5-1), there is no 
significant improvement due to different layouts as shown in the result by Y ang et 
al.(Figure 5-5). In the subplot US/LS with 2 forklifts, the biased load shows impact 
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on different layouts. The biased load nearly shows no effect in our experiment, and 
the results for all layouts are nearly the same. This shows that with the material 
handling team, the impact by the biased load to the MTF is minimized. It is because 
the waiting time of the pallet dominates the processing time of the pallet in the 
crossdock. Hence the effect of biased load reduced. 
In the subplot for UT /LS for our Experiment 1 (Figure 5-1), our experiment 
results show that there is no impact on different door layouts by the biased load when 
using 1 forklift per receiving door. This result is same as that by Yang et al.(shown in 
Figure 5-5). In the result by Yang et al., the impact of biased load when using 2 
forklifts per receiving door is also not significant. However, when assigning 2 
forklifts to serve a receiving door, the results are different. All layouts in our 
experiment show a great reduction in MTF when moving from UL to BL. This shows 
biased load has a great impact when there is staging of the pallets with the staging by 
the material handling team. Besides, with the material handing team forklift to 
handle the staging pallet, the congestion by the crossdocking team forklift at the 
shipping doors should be minimized. Thus the congestion is mainly due to the 
congestion of the crossdocking forklift on the aisle. 
In the subplot US/LT, the slopes of the g:t;aph for the two experiments are 
nearly the same. This shows the effect of staging at the receiving door is not 
significant although the material handling team forklifts are included in the 
simulation. The MTF is not affected by the biased load of pallets for different 
destination. 
In the subplot UT /LT of our experiment (Figure 5-1), only CACS shows 
negative slope when moving from uniform load to biased load, which is the same as 
the results by Yang et al.. All other layouts show positive slope when moving from 
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uniform load to biased load. The MTF is increased in all other layouts in biased load 
of pallets. It is because in other layouts (LALS, LARS and SASS), the travel distance 
of the forklift is minimized when there is biased load of pallets. Thus it shows the 
travel distance is the main cause to the MTF when there is no staging at the receiving 
or shipping door. 
The subplot US/LT in our Experiment 2 (Figure 5-2) shows similar results 
with that in Yang et al.(Figure 5-6). The impact of different number of open 
receiving door is not significant in both results. However, the subplots US/LS in the 
two results show a great difference in MTF. This shows that with the direct loading 
at the shipping doors, the impact of different number of open receiving door can be 
reduced. 
For the subplot UT/LS, although both results show a difference between 
different numbers of open receiving doors, our results shows a relatively low MTF 
for open 50% and 33% receiving doors in the crossdocking. This shows that the 
impact of open lower percentage receiving doors is greater when the waiting time for 
the staging pallets is included. 
The subplot UT/LT for our Experiment 2 (Figure 5-2) shows a negative 
impact when moving from UL to BL. This is opposite to the result by Yang et al. 
(Figure 5-6). This may due to the design of the guided network for the crossdocking 
forklifts, which affects the travelling distance and time of the crossdocking forklifts 
between the receiving and shipping doors. 
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5.3.2 Mean Handling Time per Pallet (MHP) 
With the material handling team forklift in the simulation, the waiting time 
spend on staging pallet is also included. Thus the MHP result in our experiment is 
very different from that ofYang et al. The MHP for the handling option with staging 
at the receiving or shipping door (i.e. US/LS, UTILS and US/LT) is much higher 
than the result by Yang et al. It shows that the staging waiting time dominates the 
total handling time of the pallets. 
In Experiment 1 ofYang et al (Figure 5-7), the MHP when 2 forklifts are 
assigned to a receiving door is larger than that of 1 forklift. This shows the 
congestion problem by more crossdocking team forklifts outweighs the efficiency of 
serving by 1 more forklift per receiving door. In our results (Figure 5-3), the MHP 
for using 2 forklifts is lower than that using only 1 forklift. The staging of pallets 
offset the effects of congestion of crossdocking team forklift. 
In the subplots US/LS and UT/LS for both Experiment 1 and 2 (Figure 5-7 
and 5-8) by Yang et al, the impact is low when moving from UL to BL. In our results 
(Figure 5-3 and 5-4), there are generally positive impact when moving from uniform 
load to biased load. This shows the addition of material handling team enables the 
staging time of the pallet to be included in the silJlulation. The impact of staging time 
of the pallets outweigh the impact of skewed pallet mix can be shown in our 
experiments. 
5.4 Conclusion 
The addition of the material handling team in our experiment has a great 
impact in the overall experimental results. The staging of pallets actually requires 
extra forklifts for material handling and waiting time for handling the pallets. These 
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affect the results in both Mean Hourly Throughput and Mean Handling Time per 
Pallet in the simulations. The impact of skewed load of pallets also shows different 
results when the material handling team presents in the simulation. The manger of 
the crossdock should also consider the material team when they make decision about 
the staging in the crossdock. 
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Figure 5-2 (con't) Impact of Number of Open Receiving Doors: Mean Hourly 
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CHAPTER 6. CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK 
6.1 Conclusion 
A crossdocking system provides a logistic strategy that can eliminate the 
inventory in a traditional warehouse. It can effectively reduce the inventory handling 
cost and the transportation time. In a warehouse with crossdocking systems, there are 
receiving doors for incoming trailers and shipping doors for outbound trailers along 
, the perimeter of the building. The incoming shipments are sent directly by handling 
machines from the receiving doors to the shipping doors. The shipments generally 
leave the warehouse within 48 hours. 
The performance of a crossdocking system depends on various factors. Our 
research analyze the following factors affecting the performance of the crossdocking: 
Pallet handling, freight mix, door layout, total number of forklifts, size of crossdock 
and the total number of open receiving doors. 
To examine the interactions of the factors, we develop a simulation model 
based on Yang et al.(2009). The original simulation model assumes that the staging 
of pallets is handling by a separate material handling team, which is external to their 
simulation. Thus the waiting time of staging pallets is not included in the handling 
time of pallets and it is not realistic. Our model contains the material handling team 
to handle the staging pallets at the receiving and shipping doors. Thus the amount of 
time for the pallets spent at the staging area is also estimated and the result can 
provide a more realistic insight. 
Our experiment results show that the unloading and loading of pallets directly 
produces a larger Mean Throughput per Forklift (MTF). It is because extra time is 
required for the pallet to wait at the staging area and handling time by the material 
handling forklifts. When the pallets are unloading and loading directly at the 
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receiving and shipping doors, the layout CACS usually produces a higher MTF and 
the pallet mix is independent of the door layout in the handling options. Furthermore, 
the direct handling of pallets can reduce the impact of biased load of pallets as the 
congestion at the shipping doors is solved. 
A large crossdock can reduce the negative effects of a skewed freight mix as 
more space for the forklifts to spread out and prevents congestion. The number of 
crossdocking forklifts assigned for a receiving door is also one of the concerns for 
the crossdock managers. Our experiment shows that the efficiency of the crossdock 
is reduced if more than one forklift is assigned to a receiving door. The MTF cannot 
be improved as the increasing forklifts increase the congestions at the doors. For the 
percentage of open receiving doors, our experiment shows that the MTF for opening 
all receiving doors generally higher than opening less receiving doors. However, the 
impact of open different number of receiving door is not significant when the pallets 
are staging at the receiving door. 
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6.2 Future research directions 
The analysis of factors affecting the performance of the crossdocks can be 
examined in various perspectives. Firstly, the simulation can also include even larger 
and different shapes crossdocks. The travelling distance and time of the crossdocking 
forklifts varies for different size and shapes of the crossdocks. This can provide a 
more realistic and detailed analysis. 
Secondly, the forklifts in the crossdock are controlled by workers in the 
material handling team and the crossdocking team. A crossdock generally works all 
day round and worker should have rest time and work for one shift. To implement a 
realistic situation, working schedule for the workers should be included in the 
simulation. 
Thirdly, the handling time of the pallets contains the time that the forklifts 
stop during transferring the pallets. This is caused by a congested aisle and waiting in 
the queue of receiving and shipping doors. The waiting time of the forklifts in these 
operations can also be collected in the simulation. Hence the queueing policy and the 
design of the queues in the crossdock can be evaluated to prevent queueing and 
congestions. 
Lastly, the Mean Handling time per Pallet (MHP) and the Mean Throughput 
per Forklift (MTF) are used as the performance measures in our experiments. The 
collection of variance in these two measures can give more insights in the simulation 
operation. However there is a limitation in the collection due to the software design 
of ARENA®. Figure 6-1 shows a part of report generated by ARENA® for the 
Handling Time per Pallet. The data collected for the Handling Time per Pallet 
included the Average, Half Width, Minimum/Maximum Average and 
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Minimum/Maximum Value. The collection ofvariance on the measures by 
ARENA® cannot be simply done by its report function. 
Category Overview 
124 Doors Crossdock 




Handling Time per Pallet 12 .. 6089 

















Figure 6-1 Report generated by ARENA® for the Mean Handling Time per Pallet 
In the future simulations, the variance of these performance measures can be 
collected. This can be done by impletementing VBA program in ARENA®. The 
statistics can show the variance in the workload of each forklift and the variance of 
the handling time of each pallet. The mangers can use these statistics to make 
decisions regarding the forklifts arrangement and the door layouts for the pallets. 
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